Although multiple restriction factors have been shown to inhibit HIV/SIV replication, little is known about their expression in vivo. Expression of 45 confirmed and putative HIV/SIV restriction factors was analyzed in CD4 ϩ T cells from peripheral blood and the jejunum in rhesus macaques, revealing distinct expression patterns in naive and memory subsets. In both peripheral blood and the jejunum, memory CD4 ϩ T cells expressed higher levels of multiple restriction factors compared to naive cells. However, relative to their expression in peripheral blood CD4 ϩ T cells, jejunal CCR5 ϩ CD4 ϩ T cells exhibited significantly lower expression of multiple restriction factors, including APOBEC3G, MX2, and TRIM25, which may contribute to the exquisite susceptibility of these cells to SIV infection. In vitro stimulation with anti-CD3/CD28 antibodies or type I interferon resulted in upregulation of distinct subsets of multiple restriction factors. After infection of rhesus macaques with SIVmac239, the expression of most confirmed and putative restriction factors substantially increased in all CD4 ϩ T cell memory subsets at the peak of acute infection. Jejunal CCR5 ϩ CD4 ϩ T cells exhibited the highest levels of SIV RNA, corresponding to the lower restriction factor expression in this subset relative to peripheral blood prior to infection. These results illustrate the dynamic modulation of confirmed and putative restriction factor expression by memory differentiation, stimulation, tissue microenvironment and SIV infection and suggest that differential expression of restriction factors may play a key role in modulating the susceptibility of different populations of CD4 ϩ T cells to lentiviral infection. IMPORTANCE Restriction factors are genes that have evolved to provide intrinsic defense against viruses. HIV and simian immunodeficiency virus (SIV) target CD4 ϩ T cells. The baseline level of expression in vivo and degree to which expression of restriction factors is modulated by conditions such as CD4 ϩ T cell differentiation, stimulation, tissue location, or SIV infection are currently poorly understood. We measured the expression of 45 confirmed and putative restriction factors in primary CD4 ϩ T cells from rhesus macaques under various conditions, finding dynamic changes in each state. Most dramatically, in acute SIV infection, the expression of almost all target genes analyzed increased. These are the first measurements of many of these confirmed and putative restriction factors in primary cells or during the early events after SIV infection and suggest that the level of expression of restriction factors may contribute to the differential susceptibility of CD4 ϩ T cells to SIV infection. 2 jejunum lymphocytes were isolated from four Indian-origin rhesus macaques, stained with monoclonal antibodies, and sorted into four highly purified populations: naive (CD3 ϩ 4 ϩ 28 ϩ 95 Ϫ CCR7 ϩ CCR5 Ϫ ), central memory (CD3 ϩ 4 ϩ 28 ϩ 95 ϩ CCR7 ϩ CCR5 Ϫ ), transitional memory (CD3 ϩ 4 ϩ 28 ϩ 95 ϩ CCR7 Ϫ CCR5 ϩ ), and effector memory (CD3 ϩ 4 ϩ 28 Ϫ 95 ϩ CCR7 Ϫ CCR5 Ϫ ) (18, 19) . RNA was extracted and the cDNA samples were analyzed on the Fluidigm BioMark microfluidic real-time PCR system.
R estriction factors serve as a key host defense against virus infection. Many of these genes have well-described activity against the primate lentiviruses HIV and SIV, including the APOBEC3 DNA deaminase family (1) , the TRIM family (2) , BST-2/tetherin (3, 4) , and SAMHD1 (5) . In addition to the more well-studied restriction factors, screens have been performed to identify additional restriction factors. A whole-genome small interfering RNA screen has identified putative restriction factors such as the PAF1 complex and exosome components (6) . A screen for genes sharing genomic characteristics of known restriction factors identified APOL and TNFRSF family members and used cell-based assays to confirm the restriction of HIV-1 (7) . Although many studies focus on the impact of a single factor, the total effect of restriction factors on virus infection is likely to be cumulative. Though much work has focused on defining mechanisms of action and structure-function studies for individual restriction factors, little is known about the levels of expression in primary CD4 ϩ T cells and how expression may be modulated as a result of T cell differentiation and activation or during the course of acute lentiviral infection.
Naive CD4 ϩ T cells that are stimulated by cognate antigen can differentiate into a broad range of functionally specialized cell subsets (8) . Studies have found that the differentiation status of a CD4 ϩ T cell influences its susceptibility to HIV and SIV infection and, specifically, that memory CD4 ϩ T cells are more likely to be infected than naive CD4 ϩ T cells (9, 10) . The effects of memory differentiation on restriction factor expression are incompletely understood and may contribute to the differential susceptibility of memory and naive cells.
During acute infection, HIV and SIV primarily replicate in and deplete gut CD4 ϩ T cells (11) (12) (13) ; however, primary cells from mucosal tissues are relatively understudied compared to cells from peripheral blood due to the difficulty in obtaining tissue samples (14) . Whether expression of restriction factors differs between peripheral blood CD4 ϩ T cells, which are infected at lower rates, and CD4 ϩ T cells in the gut mucosa, which are highly susceptible to SIV/HIV infection (11) (12) (13) , is currently unknown. We studied here the expression of confirmed and putative restriction factors in CD4 ϩ T cells obtained from the jejunum as a representative gut mucosal site; the jejunum was chosen due to the relative abundance of jejunal lymphoid cells compared to other intestinal regions, the relative infrequency of immune inductive sites in this location (15) , and the availability of robust data sets regarding the kinetics of SIV replication in the jejunum (11) (12) (13) .
The events of acute immunodeficiency virus infection are challenging to study in humans. Analysis of acute lentiviral infection in nonhuman primates has multiple advantages, including the ability to control the inoculating strain, the precise timing of sampling, and superior access to mucosal and lymphoid tissues. In light of strong evidence documenting the induction of interferon during primary SIV and HIV infection and the fact that many restriction factors are known to be interferon (IFN)-stimulated genes (ISGs) (16, 17) , we reasoned that expression of restriction factors is likely to be modulated during the course of SIV infection. However, data on the modulation of expression of restriction factors in different CD4 ϩ T cell subsets during acute SIV infection, especially for the critical CD4 ϩ target cells in the gut mucosa, is not currently defined.
We hypothesized that the comprehensive analysis expression of a large panel of confirmed and putative restriction factors would provide insights into the molecular mechanisms that underlie differences between naive and memory cells in their susceptibility to lentiviral infection, as well as the differential infectivity between peripheral blood and gut mucosa CD4 ϩ T cells. Analysis of expression of target genes was performed using a high-throughput microfluidic RT-PCR platform that allows for highly quantitative and specific analysis of up to 96 genes at a time from each of 96 samples. Using highly purified sorted populations of CD4 ϩ T cells, we observed both up-and downregulation of restriction factors due to memory differentiation that occurred in a similar pattern in both peripheral blood and jejunum cells. Stimulation with either anti-CD3/CD28 or type I IFN also altered expression of restriction factors in primary cells.
Despite broad similarities in expression patterns between peripheral blood and the jejunum, the transitional memory CD4 ϩ T cells from the jejunum had lower total expression of confirmed and putative restriction factors relative to the same subset in peripheral blood. After infection with SIVmac239, transitional memory CD4 ϩ T cells from the jejunum exhibited the highest level of infection. Strikingly, expression of most restriction factors increased in all memory subsets during acute SIV infection.
RESULTS
Expression of confirmed and putative restriction factors in peripheral blood CD4 ؉ T cells. As a comprehensive approach to analyze the expression of restriction factors in primary CD4 ϩ T cells, a list of 45 confirmed or putative HIV/SIV restriction factors was compiled from published sources ( Table 1 ). (We refer to these molecules as restriction factors in the remainder of the manuscript but acknowledge that a number of these molecules have not been rigorously confirmed as restriction factors). To assess expression of restriction factors in defined cell populations in macaques not infected with SIV, peripheral blood mononuclear cells (PBMCs) and a Assay ID numbers are provided for the ABI TaqMan assays; sequences for the custom assays are provided in the text.
of the precise functional isoform in case it differed in expression under the various tested conditions. In both peripheral blood and the jejunum, both TRIM5 assays showed similar patterns of expression change relative to naive CD4 ϩ T cells, indicating that the transcript levels are not differentially affected by memory differentiation.
Stimulation alters expression of confirmed and putative restriction factors.
To test whether cellular activation modulated expression of the target genes, bulk CD4 ϩ T cells were isolated from the peripheral blood of four rhesus macaques and stimulated with either ␣CD3/␣CD28-coupled beads or recombinant type I human IFN-␣A/D. CD3/CD28 activation significantly (P Ͻ 0.05, t test) modulated 36% of the genes in at least one time point compared to mock-stimulated cells ( Fig. 2A ). Stimulation induced both increases and decreases in expression of multiple restriction factors over the course of the experiment, showing that restriction factor expression can be dynamically modulated by CD3/CD28 stimulation. This pattern of modulation of expression of restriction factors contrasts with that previously observed in response to phytohemagglutinin (PHA) stimulation, which generally resulted in increased restriction factor expression in human CD4 T cells (23) .
In vitro IFN stimulation increased expression of 32% of the genes compared to mock-stimulated cells (Fig. 2B ). All of the restriction factors exhibiting increased expression have been previously found to be IFN-stimulated genes in microarray studies TRIM14  TRIM19 / PML  TRIM22  TRIM25  TRIM26  TRIM28  TRIM32  TRIM34  TRIM38 *  TRIM5 EXON 3 (24-26). The time course exhibited a rapid modulation of responding genes as they reached peak or near-peak fold changes by the earliest time point poststimulation, 3 h, and generally maintained these levels for 48 h. Similar to memory differentiation, both TRIM5 assays were modulated in concert by interferon, indicating similar regulation of the different transcripts. Overall, both forms of stimulation showed that restriction factor expression can be dynamically modulated by external signals; however, neither form of stimulation reproduced a pattern similar to memory differentiation. Differences between expression of confirmed and putative restriction factors in the jejunum and peripheral blood. Despite the similarities in the overall pattern of expression of restriction factors between peripheral blood and the jejunum, several differences were apparent. To determine the extent of variation in confirmed and putative restriction factor expression between peripheral blood and jejunum CD4 ϩ T cells, the expression of the target genes in the jejunum relative to peripheral blood was analyzed using the ΔΔC T method (20) , normalizing expression to the most stable endogenous control, B2M, and to the respective peripheral blood subset (Fig. 3A) . Several genes showed Ͼ4-fold-greater differences: APOBEC3D in naive T cells, PRMT6 and TNFRSF10D in effector memory T cells, and ZC3H12A in all three memory CD4 ϩ T cell subsets. Interestingly, eight genes exhibited at least 4-fold mean decreased expression in the CCR5 ϩ transitional memory cells from the jejunum compared to the same subset of CD4 ϩ T cells from peripheral blood. The number of target genes with decreased expression in jejunal CCR5 ϩ transitional memory CD4 ϩ T cells was much larger than the number of genes exhibiting lower expression in central memory (one) or effector memory (two). Using a two-way analysis of variance (ANOVA), the genes that significantly differed in their magnitude of expression between peripheral blood and the jejunum were identified and are noted in Fig. 3A . In addition, genes for which the pattern of expression among the memory subsets differed significantly in the two tissues were identified. There were nine genes with a P value of Ͻ0.02: APOBEC3C, APOBEC3D, APOBEC3G, APOBEC3H, APOL6, CDKN1A, PARP1, SAMHD1, and TRIM5.
As the overall level of viral restriction mediated by these genes is likely to be cumulative, the overall mean expression of restriction factors from the jejunum relative to the peripheral blood was calculated ( Fig. 3B) . This value provides a measure of the extent of overall restriction factor expression in each subset for which the only difference between cells was anatomic location. Transitional memory cells from the jejunum had a mean ϪΔΔC T value of Ϫ0.819, which represents 0.567-fold lower expression. Using a paired t test, this decrease was statistically significantly different from the naive (P ϭ 0.028) and central memory (P ϭ 0.015) subsets, though not for effector CD4 ϩ T cells (P ϭ 0.115).
Acute SIV infection increases expression of restriction factors in CD4 ؉ T cells. Given the effects of IFN stimulation and T cell activation that we observed on the expression of restriction factors in CD4 ϩ T cells in vitro, we reasoned that the dynamic effects of acute SIV infection, which include induction of a robust type I IFN response (16, 17) , would likely have significant effects on the expression of restriction factors in vivo. It is challenging to study the acute phase of immunodeficiency virus infection in humans, especially in the primary target tissue, i.e., gut-associated lymphoid tissue. To N  CM  TM  EM   TRIM34  TRIM22  TRIM19 / PML  EXOSC10  TRIM5a EXON 3-4  TNFRSF10A  SETDB1  TRIM32  IFITM1  TRIM5a EXON 7-8  APOL6  TRIM38 RPRD2 investigate potential changes in expression of restriction factors in vivo during acute SIV infection, four rhesus macaques were infected intravenously with SIV MAC 239. At 10 days postinfection, the animals were sacrificed, and peripheral blood and jejunum lymphocytes were isolated. Analysis of plasma SIV viral loads demonstrated a geometric mean of 2.8 ϫ 10 5 copies/ml at 10 days after infection (Fig. 4A ). Memory CD4 ϩ T cell subsets were sorted as previously defined, and levels of SIV gag RNA were quantified. In both peripheral blood and the jejunum, the transitional memory CCR5 ϩ CD4 ϩ T cells were the most highly infected memory subset, as expected ( Fig. 4B and C) . CD4 ϩ T cells from the jejunum in each subset were much more highly infected than from peripheral blood (P ϭ 0.0058, paired t test). The reduced expression of confirmed and putative restriction factors specifically in jejunum transitional memory CD4 ϩ T cells compared to peripheral blood corresponded with increased viral infection of these cells. Strikingly, expression of restriction factors increased in every CD4 ϩ T cell memory subset from both peripheral blood (mean 2.08-fold change increase) and the jejunum (mean 2.14-fold change) 10 days postinfection ( Fig. 4D and E) compared to four uninfected animals. On average, 43 of 46 genes increased expression in peripheral blood and 43 of 45 in the jejunum. In particular, peripheral blood cells exhibited a mean increase of Ͼ4-fold in APOBEC3H, HERC5, IFITM3A, ISG15, and MX2, whereas jejunum cells increased expression of APOBEC3G, HERC5, IFITIM3A, ISG15, MX2, and TRIM25 Ͼ4-fold on average. These genes have been previously reported to be type I ISGs (25, 26) , and acute SIV infection has been well documented to induce a strong type I IFN response (17) . Using a two-way ANOVA with Benjamini Hochberg correction, approximately two-thirds of the target genes were significantly modulated (P Ͻ 0.01) by infection in both peripheral blood and the jejunum, including the known ISGs and nearly all of the TRIM family members. To verify that a global increase in gene expression did not account for upregulation of restriction factors, a panel of 18 endogenous control or lineage genes such as CD3, CD4, CD28, etc., was confirmed to remain quite stable compared to preinfection (mean ϪΔΔC T value of Ϫ0.04, or a 0.97-fold change [data not shown]). The pattern of restriction factor upregulation was quite similar in peripheral blood compared to the jejunum and naive cells compared to memory cells despite large differences in the levels of infection between the two groups, implicating systemic IFN or cytokine responses as drivers of upregulation.
Finally, we also examined whether there was a correlation between the expression of confirmed and putative restriction factors in subsets of jejunal CD4 ϩ T cells relative to their counterparts in peripheral blood in uninfected animals and the susceptibility of these various subsets to SIV infection at 10 days postinfection. Although statistical power was limited by the number of samples studied, a trend toward an inverse relationship was observed between expression of restriction factors in jejunum CD4 ϩ T cell memory subsets compared to peripheral blood in uninfected animals and the level of SIV infection in jejunal CD4 ϩ T cells (Fig. 5A) . We did observe a significant relationship between relatively lower levels of expression of confirmed and putative restriction factors in CD4 ϩ T cells in the jejunum compared to peripheral blood postinfection and the amount of SIV RNA in jejunal CD4 ϩ T cells (Fig. 5B ). Future studies involving larger numbers of samples will be necessary to examine in more detail the relationship between expression of restriction factors in different T cells subsets and their susceptibility to SIV infection.
DISCUSSION
We describe here precise expression measurements for 45 confirmed or putative restriction factors in subsets of primary CD4 ϩ T cells from peripheral blood and the jejunum, a critical site for SIV/HIV pathogenesis, under a variety of different conditions. Memory differentiation induced a high dynamic range of expression of restriction factors. For example, we observed a Ͼ22-fold average upregulation of APOBEC family genes in the jejunum relative to their expression in naive CD4 ϩ T cells. Paired comparison of the jejunum with peripheral blood CD4 ϩ T cells demonstrated unappreciated differences in expression of restriction factors that could underlie differences in their susceptibility to SIV infection. Specifically, CCR5 ϩ CD4 ϩ T cells from the jejunum showed reduced expression of restriction factors relative to the CCR5 ϩ CD4 ϩ T cells from peripheral blood. In general, memory differentiation had similar effects on the expression of restriction factors in both tissue compartments, increasing the average restriction factor expression. Activation of bulk populations of CD4 ϩ T cells has been shown to increase restriction factor expression (23), and both CD3/CD28 and IFN stimulation dynamically modulated expression of restriction factors. However, despite the overall increased expression of restriction factors in memory CD4 ϩ T cells, these cells are well documented to be more susceptible to SIV and HIV infection (9, 10) . This increased susceptibility is likely to reflect factors other than restriction factors that modulate infection such as T cell activation, as well as the ability of SIV to counteract the effects of restriction factors by various mechanisms, including the effects of Vif on APOBEC3G, Nef on tetherin, and Vpx on SAMHD1 (27, 28) . The Fluidigm Biomark qRT-PCR system used in the present study allows for highthroughput, highly quantitative, and precise gene expression measurements with a wide dynamic range of 6 to 8 orders of magnitude, which is significantly wider than microarray-based systems (29) . In addition, the specificity of the primer/probe real-time PCR assays permitted discrimination of specific transcript isoforms. TRIM5 is known to be expressed as multiple isoforms in humans. Only the TRIM5␣ isoform containing the C-terminal SPRY domain is capable of restricting HIV/SIV, while other isoforms can act in a dominant negative fashion to inactivate the ␣ isoform (22) . Here, we found that the ␣ isoform is present at about 50% of the abundance of total TRIM5 in primary CD4 ϩ T cells from both the jejunum and peripheral blood. However, various forms of stimulation, including memory differentiation, CD3/CD28, IFN, and SIV infection, did not appreciably alter the relative abundance of the ␣ isoform to that of total TRIM5 despite altering the total level of expression.
Prior studies have demonstrated that mRNA levels generally correlate well with protein expression, especially for immune response genes (such as restriction factors) that are dynamically modulated following cell stimulation (30) (31) (32) . While efforts to address this issue for macaque restriction factors are complicated by the paucity of validated reagents, we did observe a significant correlation between surface CCR5 and CD28 protein expression with their respective mRNA levels in subsets of macaque CD4 ϩ T cells (data not shown). However, it is important to bear in mind that a number of factors, including the potential for posttranslational regulation (33) , can modulate expression of restriction factors, and future studies will be necessary to correlate the protein expression of individual restriction factors with the susceptibility to SIV infection in different CD4 ϩ T cell subsets. Since we examined expression of restriction factors in defined phenotypic subsets of CD4 ϩ T cells, the observed changes in the relative expression of restriction factors after SIV infection are likely to reflect true upregulation of restriction factors in specific populations of CD4 ϩ T cells rather than the confounding effects of redistribution of CD4 ϩ T cells among different compartments during acute infection. This study utilized the advantages of the rhesus macaque/SIV model to understand the expression changes of confirmed and putative restriction factors in primary cells and cells from tissues that are difficult to study in humans, especially during acute infection. In particular, mucosal tissues are the primary site of transmission and the major site for replication and CD4 ϩ T cell depletion in HIV/SIV infection (11) (12) (13) (14) . SIV infection of CD4 ϩ T cells in peripheral blood is relatively infrequent (0.1 to 1%) during acute SIV infection, whereas up to 60% of mucosal CD4 ϩ T cells can be infected during this time (9, 13) . Here, we observed increased levels of infection in each CD4 ϩ T cell subset in the jejunum compared to peripheral blood, verifying mucosal CD4 ϩ T cells as particularly susceptible targets. Although the precise mechanisms remain unclear, multiple hypotheses have been proposed to explain this increased susceptibility to SIV/HIV infection, including a greater proportion of CCR5-expressing cells, fewer naive cells, more activated cells with higher levels of transcription, the closer proximity of target cells facilitating cell-cell spread, and additional factors, such as increased ␣4␤7 expression facilitating the binding of virions (34) . We show here that in the CCR5expressing transitional memory subset with the same phenotype from peripheral blood and the jejunum, cells from the jejunum expressed relatively lower levels of restriction factor genes, potentially contributing to their increased levels of infection.
Previous studies have measured the expression of a subset of the restriction factors included in this study under certain conditions. For example, PBMCs from HIV-naive subjects stimulated with PHA induced upregulation of genes such as ISG15, APOBEC3G, and TRIM5 (23) . IFN-␣ treatment of HIV/HCV-coinfected patients resulted in the upregulation of a subset of restriction factor genes such as ISG15 and TRIM19 (PML), a finding in agreement with our results (35, 36) . However, these studies measured restriction factor expression in either total PBMCs or total CD4 ϩ T cells. As shown in the present study, restriction factor expression can vary significantly among different memory subsets. Therefore, analysis of the expression of specific restriction factors in specific populations of target cells may be more informative than analysis in bulk populations of CD4 ϩ T cells.
We demonstrated dynamic modulation of restriction factor expression in CD4 ϩ T cells due to differentiation, activation, IFN stimulation, and SIV infection. All forms of stimulation induced different patterns of expression of restriction factors. For example, memory differentiation increased expression of all APOBEC family members, whereas anti-CD3/CD28, IFN, and SIV infection increased the expression of only selected APOBEC genes. Differential effects of stimulation suggest different mechanisms of regulation. Acute SIV infection is known to induce robust upregulation of interferon expression (16, 17) . However, in vitro IFN stimulation induced the expression of only 32% of the measured target genes, whereas acute SIV infection increased the expression of nearly every gene, suggesting that type I IFN alone is insufficient to account for the full range of expression modulation during infection. Previous studies have found a wide range of cytokine/chemokine production during acute SIV/HIV infection (37, 38) , and future studies will be required to determine the specific contributions of these signals to regulation of expression of restriction factors.
Recent research shows that innate immune responses may be suppressed in the first days postinfection, allowing viral replication to progress (39) . We showed here that nearly all of the analyzed confirmed and putative restriction factors increased in expression in both peripheral blood and jejunum CD4 ϩ T cells at 10 days postinfection, with ISGs exhibiting the greatest extent of upregulation. Although these restriction factors may play a role in inhibiting SIV replication, this dramatic upregulation does not occur until after systemic infection has been established. The kinetics of restriction factor expression changes during the earliest phases of acute pathogenic infection are still unknown, including whether cells at the earliest sites of viral replication display gene expression changes before peripheral cells. In addition, it is still unknown whether differences in restriction factor expression may underlie differences in susceptibility to infection at the organismal level.
Taken together, these data highlight the dynamic regulation of expression of restriction factors, which can be modulated by multiple factors, including cell differentiation, anatomic compartment, T cell activation, and acute SIV infection. Although other factors clearly play a role, modulation of expression of restriction factors is likely to play a significant role in the wide range of differential susceptibility of distinct CD4 ϩ T cell subsets to SIV infection. Future studies will be necessary to better to define the roles of individual restriction factors to the susceptibility of primary CD4 ϩ T cells to SIV infection.
MATERIALS AND METHODS
Animals. The eight Indian-origin rhesus macaque monkeys (Macaca mulatta) described in this study were housed at the New England Primate Research Center (NEPRC) in accordance with the regulations of the American Association of Accreditation of Laboratory Animal Care and the standards of the Association for Assessment and Accreditation of Laboratory Animal Care International. All protocols and procedures were approved by the relevant Institutional Animal Care and Use Committee. Care met the guidance of the Animal Welfare Regulations, OLAW reporting, and the standards set forth in The Guide for the Care and Use of Laboratory Animals (40) . Euthanasia took place at 10 days postinfection using protocols consistent with the American Veterinary Medical Association (AVMA) guidelines.
Infection of four animals was performed intravenously with 500 50% tissue culture infective doses (TCID 50 ) of SIVmac239 (generously provided by Francois Villinger, Emory University). The use of an intravenous route of inoculation ensured a reliable and synchronous infection with a well-studied disease course. Euthanasia took place at 10 days postinfection using protocols consistent with the AVMA guidelines.
Lymphocyte isolation. Peripheral blood samples were collected from unvaccinated healthy rhesus macaques for purification of CD4 ϩ T cells. Blood was collected in EDTA Vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ), and PBMCs were separated by density gradient centrifugation (lymphocyte separation medium; MP Biomedicals, Inc., Solon, OH). Jejunum tissue was isolated at time of euthanasia, washed with phosphate-buffered saline, separated into small pieces with a scalpel, incubated with 5 mM EDTA for 30 min, washed, and incubated with 15 U of type II collagenase (Sigma-Aldrich)/ml, followed by mechanical disruption with an 18-gauge feeding needle and filtration through 70-m-pore size cell strainers (BD Biosciences). Lymphocytes were then enriched by bilayer (35%/60%) isotonic Percoll density gradient centrifugation (1,000 ϫ g, 20 min), and the interface containing the lymphocytes was collected (41) .
Antibodies and cell sorting. To purify naive and memory phenotypes, PBMCs were stained with CD3 (SP34)-Pacific Blue, CD4 (L200)-FITC; CD8 (RPA-T8)-Alexa 700, CD28 (28.2)-ECD (Beckman Coulter), CD95 (DX2)-APC, CCR5 (3A9)-PE, and CCR7 (2D12)-PE-Cy7. Antibodies were obtained from BD Pharmingen unless specified otherwise. PBMCs were initially labeled with Live/Dead viability stain (Life Technologies) and washed, followed by incubation with CCR7 antibody for 15 min at 37°C, then incubation with all other antibodies was done for 20 min at room temperature, and finally, the PBMCs were washed prior to sorting. Cell sorting was performed using a FACSAria II cell sorter (BD Biosciences). Sorts were Ͼ99% pure for all populations.
In vitro cell stimulation. CD4 ϩ T cell enrichment prior to stimulation with ␣CD3/␣CD28 or IFN was performed using the CD4 ϩ T cell nonhuman primate isolation kit (Miltenyi Biotec). As verified by flow cytometry, purity was Ͼ95%. For anti-CD3/CD28 stimulation, ␣CD3/␣CD28 beads were generated by coupling ␣CD3 (FN-18) and ␣CD28 (L293) antibodies with Dynabeads M-450 tosyl-activated (Thermo Fisher Scientific) in a 1:1 ratio according to the manufacturer's instructions. Beads were added to cells in a 3:1 ratio for stimulation. For IFN stimulation, recombinant human IFN-␣A/D (Sigma-Aldrich) was added to cultures of freshly isolated and enriched CD4 ϩ T cells at a concentration of 1,000 U/ml. In both plified with gene-specific primers with an ABI Preamp master mix kit and pooled TaqMan assays, and analyzed on a Fluidigm BioMark microfluidic real-time PCR system using 96.96 dynamic arrays. This system allows for the simultaneous measurement of up to 96 assays in 96 different cDNA samples. Initial calculations of cycle thresholds (C T ) were performed using the Fluidigm BioMark software version 4.1.3, and further analysis was carried out using GenEx software version 6 (MultiD Analyses [http://www .multid.se]). Calculated ΔC T values, which were normalized to expression of a stable endogenous control gene, for CD4 ϩ T cell subsets from uninfected and SIV-infected animals are presented in Dataset S1 in the supplemental material.
For SIV RT-PCR quantification, an eight-point 5-fold standard curve was constructed of in vitrotranscribed SIVmac239 gag RNA and used to interpolate the number of gag RNA copies in each cell sample. Copies per cell were calculated based on the number of cells in the reaction.
Plasma viral loads. Plasma viral RNA levels were quantitated using real-time PCR, and SIV RNA copy number was determined by comparison to an external standard curve (73, 74) .
Statistical analysis. Statistics and graphing were performed using Prism (v6.05 for Windows; GraphPad Software, La Jolla, CA) or R (75) . Naive and memory CD4 ϩ T cell restriction factor expression was compared using repeated-measures ANOVA with an extension of the Benjamini-Hochberg correction for multiple comparisons (76) . PCA was performed using R and the function hclust (75) with resulting axis coordinates and loading factors visualized in GraphPad Prism. Peripheral blood and jejunum memory subsets were compared using two-way ANOVA with an extension of the Benjamini-Hochberg correction method (77, 78) . Aggregate peripheral blood and jejunum expression differences were assessed with a paired Student t test. Pre-and postinfection differences were assessed using a two-way ANOVA with an extension of the Benjamini-Hochberg correction.
For all multiple comparison corrections, the R function p.adjust(), written by Gordon Smyth and implemented in the R package limma (77) , was used. It is an extension of the original Benjamini-Hochberg methods, as updated by Storey (78) .
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